I. INTRODUCTION
In the current commercial Si solar cells, Ag screen printing is widely used for the front electrode metallization. However, the prospect of Ag in a terawatt-scale PV industry is limited by the scarcity of Ag [1, 2] . The Ag reserve and annual production may not be able to meet the growing demand for Ag from wafer-Si solar cells in the future. Meanwhile, as a precious metal, Ag has a much higher price than other common industrial metals [3] . Hence, the industry is motivated to search for an Earth-abundant low-cost metal as a replacement of Ag, such as Cu and Al. Cu has gained widespread attention because of its well-developed metallization method in the semiconductor industry. Electroplating of Cu on a barrier layer of Ni has been a choice in Si solar cell front side metallization [3] [4] [5] [6] . Al is another Earth-abundant metal with a high electrical conductivity, which has been used for backside metallization in Si cells. Our group developed a non-vacuum method to electroplate Al on Si and reported an all-Al p-type Si solar cell, which introduces the possibility of utilizing Al for front side metallization by a cost-effective method [7, 8] .
In processing electroplated Cu or Al on a Ni barrier layer in p-type Si cells, high temperature annealing at 350-450ºC is often required to improve the Ni/Si contact resistivity and adhesion. However, significant shunting has been noticed after annealing [8, 9] . Both Cu and Al could penetrate the Ni layer and diffuse into Si under high temperature annealing. When Cu diffuses into Si, it degrades the minority carrier lifetime in Si. For Al, the shunting is attributed to spiking, which shunts the front p-n junction and results in a large leakage current. In order to minimize the effect of shunting, it may be necessary to keep the p-n junction away from the Al. Therefore, the rear junction cell structure is a natural choice to achieve a spikingresistant all-Al cell.
In this paper, we report a spiking-resistant all-Al rearjunction n-type Si solar cell. The cell is prepared by electroplating Al on an n-type cell with a fired Al back electrode as the rear junction. The finished cell is annealed in a rapid thermal annealing (RTA) furnace in air. The performance of the cell shows that this n-type rear-junction cell has excellent resistance to shunting and Al spiking compared with a p-type front-junction all-Al cell under a similar process [8] . When the n-type all-Al cell is compared to control cells with a Ag front electrode and fired Al rear junction produced in an industrial R&D line, it shows similar performance confirming the possibility of replacing Ag with Al.
II. EXPERIMENTAL Fig. 1 shows the process flow to fabricate this all-Al n-type rear-junction Si solar cell. The fabrication process started with a 180 m, 156×156 mm 2 , n-type, CZ Si (100) wafer. The the minority carrier lifetime in the starting wafer was larger than 1000 s, which is required for a rear junction solar cell. The wafer was textured to generate random pyramids on it and then doped with phosphorus to form an n + front side field (FSF).
The sheet resistance of the FSF was 80-90 □. After the removal of phosphosilicate glass, a layer of SiN x was deposited on the front side by PECVD to form the antireflection coating (ARC). Before opening the front side contact area, screen printed Al was applied to the backside and fired at 950ºC. The firing created a heavily Al doped p + layer and formed the rear p-n junction. All the above processes were performed in an industrial R&D line of Canadian Solar. Then the partially-processed n-type solar cells with a SiN x ARC, an n + FSF layer and a screen-printed Al rear junction were shipped to ASU. Canadian Solar also fully processed some of the cells with a screen printed Ag front electrode for 978-1-5090-5605-7/17/$31.00 ©2017 IEEE comparison.
The industrial-size cells were cut into small cells of 4×5 cm 2 . The active area of the all-Al cells was confined to 2.54×2.54 cm 2 (1×1 inch 2 ). Photolithography was used to pattern the SiN x layer. A positive photoresist was applied by spin-coating and exposed under a photomask. After development, the SiN x within the opening was etched off by HF. A layer of Ni (100-300 nm) was then deposited by sputtering over the remaining photoresist as well as the Si in the opening. After dipping the cell into acetone in an ultrasonic bath, the photoresist and the Ni on it were removed, leaving a Ni pattern in the opening ready for electroplating. An alternative and effective method for patterning is laser ablation followed by light induced or electroless Ni plating, but unfortunately we have no such capabilities. This Ni seed layer is to assist Al electroplating due to the poor and non-uniform adhesion between direct electroplated Al and highly resistive Si (>1 -cm). Electroplated Al fingers on the Ni seed layers were proven to be adherent and dense [8] . The electroplating of Al fingers was carried out in an ionic liquid (EMIM)AlCl 4 . The solution was prepared in a nitrogen box by mixing 1 : 0.5 mole ratio of (EMIM)AlCl 4 (≥95%, Aldrich) and AlCl 3 (≥99%, Alfa Aesar) in a dry beaker at room temperature. The solution was magnetically stirred until AlCl 3 powders were fully dissolved. Before electroplating, a pre-bake of the solution at 120ºC for 1 hour was necessary to remove any possible moisture, which affects the quality of the electroplated Al. Then the temperature of electrolyte was lowered and kept at ~80ºC. In a three-electrode electrolytic cell, a 50×50 mm 2 Al foil (≥99.99%, Alfa Aesar) was used as the sacrificial anode. And another Al wire (≥99.99%, Aldrich) was used as the reference electrode. The Al electrodes and the partially-processed cell were cleaned in diluted HCl to remove surface oxide and then rinsed in DI water and finally blown dry. Al electroplating was processed under a constant current density of ~10 mA/cm 2 until the resultant average thickness is ~20 m. The cross section of this n-type cell is schematically shown in Fig. 2 . After an initial efficiency test, the cell was annealed in an RTA furnace in air at temperatures from 150˚C to 450˚C for 1 min and the efficiency was measured at each temperature. Fig. 2 . Schematic cross-section of an all-Al n-type rear-junction crystalline Si solar cell.
III. RESULTS AND DISCUSSIONS
The efficiency of the cell was measured in an ABET solar simulator under standard one sun conditions: AM 1.5G, 100 mW/cm 2 , 25ºC. The effect of annealing in air at different temperatures from 150ºC to 450ºC was also investigated. Fig.  3 illustrates the efficiency of the cell at different annealing temperatures. The efficiency is 17.8 % at 150˚C and 250˚C. It increases slightly to 17.9% at 350˚C. Then it decreases gradually at higher temperatures and reaches 17.4% at 450˚C, indicating a 0.5% absolute degradation from the highest value. Fig. 3 . Efficiency of an all-Al n-type rear junction Si cell as a function of annealing temperature.
The thermal behavior of this all-Al n-type cell is compared with a p-type all-Al cell fabricated under a similar process in 978-1-5090-5605-7/17/$31.00 ©2017 IEEE Fig. 4 . This p-type cell was reported in our previous paper [8] . For the p-type cell, its normalized efficiency of after 400˚C annealing decreases to ~75% of its initial efficiency. However, for the n-type cell, the normalized efficiency is larger than 97% after annealing at 450˚C. The result clearly confirms that the rear junction n-type cell is less susceptible to high temperature annealing than the front junction p-type cell. Al spiking is suggested as the reason for the efficiency degradation in the p-type cell with an electroplated Al front electrode. Since the heavily doped front emitter is thin in typical p-type Si cells, high temperature annealing and Al spiking can easily penetrate into the base and short the junction. Unlike the p-type cell, the n-type cell has a thick nregion under the front Al electrode and Al spiking does not penetrate the n region. It is thus resistant to Al spiking. In principle, this cell may withstand a temperature as high as the eutectic temperature of Al and Si, 577˚C. ( -cm   2   ) 5070 3790 Table I lists the detailed performance parameters of the ntype all-Al cell before and after annealing. The open circuit voltage (V oc ) decreases by ~3 mV. There are two reasons for the V oc drop. First, the front side Al may penetrate the FSF and contact the lightly doped Si base. This reduces the separation between the quasi-Fermi levels across the p-n junction. Second, more defects and impurities may be introduced into Si through the edges during annealing. Both reasons lead to a higher reverse saturation current and thus the V oc decreases. The consistent short circuit current (J sc ) before and after annealing implies the quantum efficiency is stable and not deteriorated by spiking. This is an advantage of Al over Cu as Al has little effect on the minority carrier lifetime. The fill factor (FF) drops by 1.2% after annealing at 450ºC. This is attributed to an increased series resistance. The shunt resistance stays high at 3790 -cm 2 and does not affect the FF, but the series resistance slightly increases from 0.7 to 0.9 -cm 2 . Annealing shows no improvement in series resistance. The sputtered Ni is dense and of high quality. Our transfer line measurement (data not shown) reveals a contact resistivity of 2×10 Table II lists the parameters of the all-Al n-type cell and a control cell with a screen-printed Ag front electrode. The control cell was processed in an industrial R&D line at Canadian Solar. The efficiency of the all-Al cell approaches 18%, just 0.3% absolute below the industrial cell with an Ag front electrode. Though further optimization is still necessary to improve the series resistance and fill factor of the n-type allAl cell, Table II confirms that electroplated Al is capable of replacing Ag as the front electrode in wafer-Si solar cells. It is also noticed that the V oc of the all-Al n-type cell is lower than the control cell with an Ag front electrode. This is attributed to the fact that the two cells have different sizes and thus different perimeter/area ratios. Compared to the commercial 156×156 mm 2 cell, the 1×1 inch 2 small cell has a larger edge effect, thus the peripheral defects and impurities play a more important role as recombination centers leading to a higher reverse saturation current and a lower V oc value.
IV. CONCLUSION
An all-Al n-type rear junction monocrystalline Si solar cell with efficiency approaching 18% is demonstrated by electroplating Al as the electrode on the front side of an n-type Si solar cell with a screen-printed Al rear junction. This cell shows excellent resistance to Al spiking, with only 0.5% absolute drop in its efficiency from its peak efficiency after annealing at 450˚C. Compared with a p-type all-Al front junction cell we reported before, whose efficiency is reduced to 75% of its initial value after annealing at 400˚C, the n-type rear junction cell keeps over 97% of its initial efficiency. The performance of the all-Al n-type cell is comparable with a control cell which has a screen-printed Ag front electrode but otherwise identical to the all-Al cell. This work demonstrates the feasibility of Al electroplating for cost-effective production of all-Al Si solar cells. It provides an option when the PV industry decides to move away from Ag and produce Ag-free Si solar cells.
